Abstract All-solid-state batteries with cathode composites containing high concentration of active materials are required to achieve higher energy densities. Here, a composite cathode containing up to 89 wt% of high-voltage cathode active material (LiNi 1/3 Mn 1/3 Co 1/3 O 2 ) was prepared by covering this with a solution-derived solid electrolyte (argyrodite, Li 6 PS 5 Cl) and the incorporation of different content binder (ethyl cellulose). All-solid-state batteries were fabricated using 80Li 2 S•20P 2 S 5 (mol%) glass and indium metal as a solid electrolyte and anode, respectively. The all-solid-state battery with a composite cathode containing 0.5 wt% of ethyl cellulose showed an initial discharge capacity of 45 mAhg −1 at 25°C and maintained 91.7% of the discharge capacity after ten cycles, around 30% higher than that obtained for the battery with the composite cathode without a binder.
Introduction
All-solid-state lithium batteries based on sulfide solid electrolytes are a very attractive proposal to outperform limitations due to safety issues of the conventional lithium ion batteries based on organic electrolytes. The major challenges are as follows (i) to form a good ionic conduction path through the solid interface between electrode and electrolyte and (ii) to reduce the strain/ stress at the electrode/electrolyte interface due to the volume change during lithiation/delithiation [1, 2] . The composite cathodes for all-solid-state batteries based on sulfide solid electrolytes are typically prepared by mixing the active material and additives to improve both the electronic (e.g., vapor-grown carbon fiber, acetylene black) and lithium ion (e.g., solid electrolytes) conduction. The addition of the sulfide-based solid electrolytes in the composite cathode by simple mixing [3, 4] has been proven to be effective to improve the battery performance. This is because sulfide materials provide of good intimate contact with composite electrodes through a simple cold pressing due to its low Young's modulus [5] . In order to obtain a good enough lithium pathway to the cathode material, however, rather high concentrations of solid electrolyte (25-30 wt%) are needed. The main drawback is to obtain homogenous and well-connected distribution of the phases though the composite cathode layer. Lower interfacial electrode/electrolyte resistances have been obtained by means of the deposition of solid electrolyte thin layer on the active materials. For example, Li 2 S-P 2 S 5 and Li 6 PS 5 Cl (argyrodite) solid electrolytes (SE) layers have been deposited on LiCoO 2 particles by means of the pulsed laser deposition (PLD) and solution procedures, respectively [1, 6] . In both cases, the formation of the continuous layer of solid electrolyte on the LiCoO 2 led to a considerable reduction of the concentration of solid electrolyte into composite cathode, up to 3 [1] to 7.5 wt% [6] . The all-solid-state batteries using LiCoO 2 with these solid electrolytes showed higher capacities (45-85 mAh/g) compared to the LiCoO 2 without solid electrolyte (20 mAh/g) [1, 6] . The solution procedure is a simple process to produce favorable interfaces because the liquid phases can cover effectively the solid particles and after solvent removal, produces an adequate ionic pathway. In the preparation of Li 6 PS 5 Cl through the solution process, ethanol was used for the solvent [6] . Other solvents used to prepare solid electrolyte solutions are anhydrous hydrazine [7] (Li 3.25 Ge 0.25 P 0.75 S 4 , σ = 1.82 × 10 −4 S/cm), tetrahydrofuran [8] (β-Li 3 PS 4 , σ = 1.6 × 10 −4 S/cm), acetonitrile [9] (Li 7 P 2 S 8 I, σ = 6.3 × 10 −4 S/cm), N-methylformamide [10] (Li 3 PS 4 , σ = 2.6 × 10 −6 S/cm), methanol [11] (LiI-Li 4 SnS 4 , σ = 4.1 × 10 − 4 S/cm), and ethanol [6] (Li 6 PS 5 Cl, σ = 1.4 × 10 −5 S/cm). Solvents such as methanol or ethanol are more attractive to scalable procedures since they have low boiling points that allow the composite cathode to be obtained easily. In addition to improve the solid interface between electrode and electrolyte, the incorporation of other agents such as binders could help the reduction of the strain/stress during charge/discharge procedures. The precursor solution of the solid electrolyte could also help the dissolution and good distribution of the binder material. The use of binders has been widely extended in the composite cathode/anode for lithium secondary batteries using liquid electrolytes since they promote the electrical contact between active materials and the current collectors [12] . Also, they provide structural robustness, and depending on their structure, they assist lithium ion conduction [12, 13] . Some examples of the binders used in lithium secondary batteries using liquid electrolytes are polyethylene oxide (PEO), sodium carboxymethyl cellulose-styrene butadiene rubber (CMC-SBR), sodium alginate (SA), polyvinylpyrrolidone (PVP), carbonyl-b-cyclodextrin, gelatin, LA132 (a copolymer of acrylonitrile, acrylamide, and acrylic), and ethyl cellulose [12] [13] [14] . Among these, the carboxymethyl cellulose or the combination of CMC-SBR has proven to be effective to reduce the strain/stress of cathode materials used in lithium secondary batteries because their structure shows a higher chain flexibility to enable favorable dispersibility on the surface of active material [13] .
To date, from the best of our knowledge, the use of binders in all-solid-state batteries based in sulfide electrolytes has been only slightly explored because the sulfide electrolyte can also work as a binder in the composite electrolyte. However, in high active material contents, binder should help the compensation of volume change during the charge and discharge process. Here, we report, for the first time, the effect of the binder content on the electrochemical performance of all-solid-state lithium batteries prepared with a composite cathode with a high content of active material (LiNi 1/3 Mn 1/3 Co 1/3 O 2 , 89 wt%) covered with a solution-derived solid electrolyte. The precursor solution of argyrodite (Li 6 PS 5 Cl) solid electrolyte in ethanol [6] was used to disperse the ethyl cellulose binder and prepare the improved composite cathodes.
Experimental
The synthesis of the composite cathodes and the assembly of the cells were conducted in a glove box under an argon atmosphere (H 2 O ≤5 ppm, O 2 ≤1 ppm). The composite cathodes were prepared using LiNbO 3 -coated [4, 15] LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC), Li 6 PS 5 Cl, and vapor-grown carbon fiber (VGCF, Showa Denko) as the active material, solid electrolyte, and conductive additive, respectively. The ethyl cellulose (abt. 49% ethoxy, Wako Pure Chemicals) was used as a binder.
The powder of Li 6 PS 5 Cl was firstly prepared by mechanical milling using Li 2 S (Mitsuwa's Purity Chemicals, 99.9%), P 2 S 5 (Sigma Aldrich, 99%), and LiCl (Sigma Aldrich, 99.9%) as starting materials. The mechanical milling was performed using a planetary ball mill with a zirconia pot with 0.5 g of sample and 10-mm-diameter zirconia balls (15 balls) at 600 rpm for 40 h [6, 16] . The as-synthetized Li 6 PS 5 Cl powder was then dissolved in anhydrous ethanol (Wako Pure Chemicals, 99.5%). Further, LiNbO 3 -coated NMC and VGCF were added to the precursor solution of the Li 6 PS 5 Cl to prepare the composite cathode. The binder was dissolved previously in ethanol, and then, adequate concentration was added to the precursor solution of the Li 6 PS 5 Cl containing NMC and VGCF. The composite cathodes, with and without binder, were ultrasonicated for 3 min and dried by heating at 80°C under vacuum for 3 h. The composite cathodes (NMC:Li 6 PS 5 Cl-SE:VGCG) were evaluated in weight ratio of 69:29:2, 84:14:2, 89:9:2, and 98:0:2. The effect of the binder content was evaluated using the composite cathode with a weight ratio of 89:9:2. The examined binder concentrations were 0.1, 0.5, and 1 wt%.
The powders of Li 6 PS 5 Cl, after mechanical milling and dissolution-reprecipitation procedures, were evaluated by Raman spectroscopy and X-ray diffraction (XRD). The measurements were carried out with a Raman spectrophotometer (XploRA Horiba) and X-ray diffractometer (MultiFlex600, Rigaku) using CuKα radiation. The ionic conductivity of the Li 6 PS 5 Cl powders, obtained by mechanical milling and dissolution-reprecipitation procedure, was determined using electrochemical impedance spectroscopy (SI1260, Solartron). Impedance spectra were recorded between 1 and 1 × 10 6 Hz at room temperature. All-solid-state batteries were constructed using 80Li 2 S· 20P 2 S 5 (mol%) glass and In metal (99.99% 0.1-mm thickness) as solid electrolyte and anode, respectively. The 80Li 2 S· 20P 2 S 5 solid electrolyte was prepared by mechanical milling using Li 2 S (Mitsuwa Purity Chemicals, 99.9%) and P 2 S 5 (Sigma Aldrich, 99%). The mechanical milling was carried out using a planetary ball mill with a zirconia pot, 1 g of sample and 4-mm-diameter zirconia balls (500 balls) at 510 rpm for 10 h. The composite cathode (10 mg) and the solid electrolyte powder (80 mg) were pressed under 360 MPa in a polycarbonate tube ( = 10 mm). The indium metal (40 mg) was pressed under 240 MPa on the prepared pellet. The three-layered pellet was sandwiched between two stainless steel disks as current collectors to fabricate two electrode cells. The electrochemical performance of the cell was evaluated under a constant current density of 0.064 mA cm −2 in the voltage range from 2.0 to 3.8 V vs. Li-In at room temperature, using a charge discharge measuring device (Scribner Associates, 580 battery type system).
Results and discussion Figure 1 shows XRD patterns and Raman spectra of the Li 6 PS 5 Cl solid electrolyte obtained by mechanical milling and dissolution-reprecipitation procedure, without and with 0.1 wt% of binder. The XRD pattern of the as-synthetized Li 6 PS 5 Cl solid electrolyte prepared by mechanical milling shows broad peak characteristic of the argyrodite crystal phase [16] [17] [18] and additional peaks attributed to the un-reacted Li 2 S phase.
The XRD patterns of Li 6 PS 5 Cl crystals after dissolutionreprecipitation procedure, with and without binder, show sharper peaks than those of Li 6 PS 5 Cl obtained by mechanical milling, confirming a higher crystallinity after dissolutionreprecipitation procedure. Although Li 2 S secondary phase was not observed on the XRD patterns of Li 6 PS 5 Cl crystals after dissolution-reprecipitation procedure, the possible Li 2 S can be easily compensated by the addition of the carbon [19] (VGCF, 2 wt%) in the cathode composite. J. Auvergniot et al. [20] have also identified the presence of Li 2 S in the Li 6 PS 5 Cl solid electrolyte, and they have proven that the Li 2 S initially present in the argyrodite disappears during charge process due to oxidation process with cathode active material.
Raman spectra (Fig. 1 b) show a band of around 380 cm
associated to the PS 4 3− group. The structure of argyrodite is formed by a network of isolated PS 4 3− units making hexagonal cages, which are connected to each other by an interstitial site around the halide ions [6, 21, 22] . The results confirm that the process of dissolution-reprecipitation and the addition of the binder do not produce negative effects on the structure of the Li 6 PS 5 Cl solid electrolyte. Figure 2 shows the AC impedance plots of Li 6 PS 5 Cl obtained by mechanical milling and dissolution-reprecipitation procedures, without and with 0.1 wt% of binder. The spectra consist of a well-defined semicircle at high frequency and a capacitive tail at low frequency due to the electrodes interfacial procedures. The total resistances (bulk and grain boundary resistances), used to calculate the ionic conductivity of each sample, are indicated by the arrows in the figure. The impedance spectra of Li 6 PS 5 Cl obtained by mechanical milling do not display the full semicircle due to the lower ) [6, 21] . The presence of Li 2 S phase, detected by XRD, could be responsible for the low ionic conductivity of the material obtained after ball milling procedures. After the dissolution-reprecipitation procedure, the crystallinity of the sample was improved with a small loss of the ionic conductivity, maintaining the same order of magnitude of the Li 6 PS 5 Cl crystal as-synthetized. Similar observations were reported by Yubuchi et al. [6] , who assumes that the loss of the conductivity after dissolution-reprecipitation procedures is because of the increase of the grain boundary resistance. The reason for the high grain boundary resistance is believed to be because of high crystallinity of the precipitated Li 6 PS 5 Cl powders that results in a bad densification by pelletizing [6, 23] . On the other hand, the improved conductivity obtained with the presence of the ethyl cellulose can be related to the better densification of the material. It is well known that when the binder is in contact with the particle surfaces of the active material and carbon materials, the polymer improves the mechanical strength of the composite cathode by the formation of a continuous network layer of the polymer on the surface of the particles of active material [24, 25] . Addition of a larger binder amount, however, could decrease the ionic conductivity of the solid electrolyte due to its low conductivity. Figure 3 shows initial discharge curves of all-solid-state cells using different content of the Li 6 PS 5 Cl solid electrolyte (SE) derived from solution in the composite cathode (NMC:Li 6 PS 5 Cl-SE:VGCF) at a current density of 0.064 mA cm −2 . The electronic conduction was guaranteed by the addition of 2 wt% of VGCF. The capacity was normalized by the weight of the NMC active material.
The all-solid-state battery using NMC without Li 6 PS 5 Cl solid electrolyte showed a small capacity of around 9 mAh g −1 . The all-solid-state battery using NMC with solution-derived Li 6 PS 5 Cl solid electrolyte led to better battery performances. The capacity of the battery increases is as high as the content of the solid electrolyte in the composite cathode. The composite cathode with a weight ratio of 84:14:2 displayed higher reversible capacity of 44 mAh g −1
.
The tendency of the battery capacities indicates that the solid electrolyte, which formed in the composite cathode, facilitated the formation of a lithium ion conducting path in the cathode composite [1, 6] . Further, the excess of solid electrolyte, the composite cathode with a weight ratio of 69:29:2, yielded the drop of the capacity of the battery achieving an initial discharge capacity of 33 mAh g . The excess of Li 6 PS 5 Cl solid electrolyte could produce insufficient electron conduction path affecting the battery performance.
The effect of the binder content was evaluated using the composite cathode with a weight ratio of 89:9:2, which is the composition with a rather high content of active material. The effect of the binder should be more notable at this composition, since at high content of active material, a binder should serve to mitigate the volume change during charge and discharge in the composite cathode. Figure 4 shows electrochemical performance of the all-solid-state batteries produced by the addition of different amount of the binder at a current density of 0.064 mA cm −2 . Initial discharge capacity of the batteries with different content of binder (Fig. 4a) was slightly smaller than that of the battery without binder content (36 mAh g
−1
). The initial discharge capacity decreases with the increase of the binder content. The 1 wt% of binder displays the smaller initial discharge capacity around 31 mAh g −1 . Despite this, the cycling performance of the batteries with the binder content showing a different tendency (Fig. 4b) . After ten cycles, the battery without binder showed a relatively low capacity retention rate of 60%. Conversely, the capacity retention rate was improved by the addition of small amounts of the binder. After ten cycles, the capacity retention rates of the batteries with 0.1 and 0.5 wt% of binder were 83.7 and 91.7%, respectively. The increase of the binder content to 1.0 wt% produced a decrease in the capacity retention rate of 72.4%. The study of the composite cathode composition in lithium secondary batteries using liquid electrolyte has revealed that the higher binder contents can lead to the encapsulation of individual particles of the active material producing a lithium-ion blocking effect [24, 25] . Thus, higher binder contents than 1 wt% led to the loss of capacity due to the insufficient electronic conductivity in the composite cathode. The improved performance of the battery using small content of binder material can be interpreted by a favorable dispersibility of each component of the cathode composite and further, by the compensation of volume change during the charge and discharge process. The use of the binder can improve the cyclability of the composite cathode with high content of active material needed to produce high energy density.
The results show that the use of solid electrolyte precursor solution and the incorporation of the binder play an important role in the battery performance of all-solid-state batteries. Further cathode composite composition with high active material content could be optimized by the selection of solvents compatible with solid electrolytes and binder materials.
Conclusions
The solution procedure is a promising method to produce efficient interfaces with an adequate lithium ion pathway between solid electrolyte and electrode-active material for all-solid-state batteries. The procedure allowed the incorporation of ethyl cellulose used as a binder to enhance the electrochemical performance of the cathode composite. The ethanol used as a solvent of the Li 6 PS 5 Cl solid electrolyte and the ethyl cellulose binder do not cause structural changes of the solid electrolyte confirmed by XRD and Raman studies. The use of ethyl cellulose as a binder was effective to improve the cycle life of the all-solid-state battery prepared with a composite cathode with a high content of active material up to 89 wt%. The higher capacity retention rate was obtained by the addition of small amount of binder, 0.5 wt% of ethyl cellulose producing a capacity retention rate of 91.7% after ten cycles.
